Abstract Numerous electrophysiological and neuroimaging studies have reported neurophysiological and cognitive deficits in schizophrenia patients during wakefulness. However, these findings have been inconsistently replicated across different groups of patients, thus complicating the identification of underlying neuronal defects. Sleep minimizes possible waking-related confounds, including decreased motivation and presence of active symptoms. Additionally, the two main sleep rhythms, slow waves and spindles, reflect the intrinsic activity of cortico-thalamic circuits and are associated with cognitive activities, including learning and memory, occurring during wakefulness. In this review, I will present the most relevant sleep findings in schizophrenia, with particular emphasis on several recent studies that have consistently reported sleep spindle deficits in patients with schizophrenia. I will then elaborate on how these findings may contribute to a better understanding of the neurobiology of schizophrenia as well as to the development of novel pharmacological and nonpharmacological interventions to ameliorate the symptoms and cognitive impairments of schizophrenia patients.
Introduction
Schizophrenia is a severe mental disorder that has significant, long-lasting negative effects on the patients as well as the entire society [1] . The term schizophrenia was introduced by Bleuler over a hundred year ago to describe the breaking up or splitting of psychic functioning he observed in these patients [2] , and the diagnosis of this disorder is still based exclusively on clinical symptoms. However, a symptom-based approach has not increased our understanding of schizophrenia, given that the occurrence and severity of clinical symptoms vary across the course of the illness, and these symptoms are often shared across psychiatric diagnoses [3] . Over the past three decades, schizophrenia researchers have begun measuring cognitive and neurophysiological parameters in healthy subjects and schizophrenia patients, based on the assumption that deficits in these parameters reveal dysfunctions in neuronal mechanisms that are stable over time and largely symptom-independent [4] . Several neurophysiological [5] as well as cognitive [6] impairments have been reported during wakefulness in patients with schizophrenia; nonetheless, these findings have been inconsistently replicated across different groups of patients, thus complicating the identification of underlying neuronal defects.
Sleep offers several advantages for investigating dysfunctions in brain circuits in patient with schizophrenia. Sleep represents an ideal resting state, wherein waking-related confounding factors, including fluctuation in attention, decreased cognitive ability, and presence of active symptoms are minimized. Furthermore, the two main non-rapid eye movement (non-REM) sleep rhythms, slow waves and spindles, reflect the activity of complementary thalamo-cortical circuits. Slow waves are 1-Hz neuronal oscillations characterized by large amplitude, positive-negative deflections, which are generated by cortical neurons and propagated by cortico-cortical and cortico-thalamo-cortical circuits [7] . Sleep spindles are waxing and waning, 11-16 Hz oscillations, which are initiated by the thalamic reticular nucleus and regulated by thalamothalamic and thalamo-cortical circuits [8] . Slow waves and sleep spindles have also been shown to implement sleepspecific plastic changes related to daytime cognitive activities, including learning and memory, in both healthy subjects [9, 10] and patients with schizophrenia [11, 12•] . Thus, reduced slow wave and/or spindle parameters may contribute to the identification of defects in specific brain circuits in schizophrenia, which are implicated in the pathophysiology of this disorder and underlie some of the symptoms and cognitive deficits commonly experienced by schizophrenia patients.
In this article, I will present the most relevant sleep findings in patients with schizophrenia, which were obtained primarily using electrophysiological recordings. I will then focus on several recent studies that have consistently reported sleep spindle deficits in schizophrenia, including first break and chronic patients, as well as in first-degree relatives of schizophrenia probands. Finally, I will review the possible neuronal and molecular mechanisms underlying sleep spindle deficits in schizophrenia, and discuss how pharmacological as well as non-pharmacological interventions reverting spindle deficits may improve some of the clinical symptoms and cognitive deficits of schizophrenia patients.
Sleep Findings in Patients With Schizophrenia Sleep Architecture
Sleep disturbances have been consistently observed in patients with schizophrenia [13] . Sleep abnormalities often precede the onset of psychotic symptoms in first break individuals and can predict an acute decompensation in chronic, remitted patients with schizophrenia [14] . Sleep impairments have been also observed in prodromal individuals [15] and are often associated with worse cognitive function [16] , one of the most persistent and treatment-refractory deficits observed in schizophrenia [17] . Numerous studies have investigated changes in the sleep architecture of schizophrenia patients. The most commonly reported abnormalities include a longer sleep latency, increased waking after sleep onset, as well as reduced sleep efficiency [18] . A reduction in deep NREM sleep, or SWS, has been reported in different groups of schizophrenia, including medication naive [19] and unmedicated [20] patients, but overall SWS deficits have been inconsistently found and appears to affect only 50 % of psychotic patients [21] .
Slow Wave Activity (1-4 Hz)
Only a handful of studies have investigated changes in sleep EEG activity, and especially in slow waves, in patients with schizophrenia. In two initial studies, Keshavan et al. found reductions in the delta (1-4 Hz) as well as theta (4) (5) (6) (7) (8) frequency bands in a subset (N=19) of thirty schizophrenia patients in relation to comparison subjects [20] whereas Hiatt et al. reported a decrease in delta frequency activity in 10-min segments from the middle of non-REM sleep periods in five unmedicated schizophrenia patients [22] . However, a number of more recent studies failed to establish any difference in slow wave power [23, 24] as well as several slow oscillation parameters [25•, 26 •] between patients with schizophrenia and healthy comparisons. Those inconsistent findings about reduced slow wave activity (SWA) in schizophrenia confirm previous reports that slow wave deficits may involve just a subgroup of those patients. Consistent with this assumption, lower SWA has been more often reported in institutionalized patients with profound cognitive impairment [18] as well as in schizophrenia patients with prominent negative symptoms [27] .
Sleep Spindles (11-16 Hz)
Regarding sleep spindle findings in schizophrenia, Hiatt et al. reported higher spindle density during the first NREM sleep episode in five schizophrenia patients relative to healthy subjects [22] , whereas two other studies performing sleep EEG recordings in nine [28] and 11 [19] schizophrenia patients and normal controls found no difference in spindle parameters between groups. Of note, these data were collected on a fairly small number of patients as well as employing a limited number of channels. By contrast, more recent work from our group employing am high density (hd)-EEG system (N=256 channels) showed marked deficits in sleep spindle activity in schizophrenia patients compared to healthy as well as psychiatric controls. In an initial study, we recorded eighteen patients with schizophrenia, seventeen healthy controls, as well as fifteen patients with depression and found a marked decrease in EEG spindle power as well as in several sleep spindle parameters, including amplitude, duration, and number in schizophrenics compared to subjects from the other two groups during the first NREM sleep cycle [25•] . Sleep spindles were detected using an in-house algorithm and a fourth parameter, integrated spindle activity (ISA) which was calculated by integrating the absolute amplitude of each detected spindle divided by total non-REM sleep duration had the largest effect size. Specifically, ISA values did not overlap for 16 of 18 schizophrenia patients when compared to both healthy comparison and depression subjects. In a follow-up, whole night sleep hd-EEG study on forty-nine schizophrenia patients, forty-four healthy subjects, and twenty non-schizophrenic psychiatric patients on antipsychotic medications, we confirmed spindles deficits in a larger group of schizophrenics and established that these deficits were present throughout the night [26•] . Furthermore, we found no difference in the spindle activity of the other two groups, thus suggesting that spindle deficits are unlikely to be related to antipsychotics and are possibly specific for schizophrenia patients. We also investigated slow wave power and several slow wave parameters, including incidence, amplitude, down and up slopes and found no difference between schizophrenics and both healthy and psychiatric controls (Fig. 1) . Altogether, these findings suggest that sleep spindle deficits may be implicated in the neurobiology of schizophrenia [29] . In an attempt to assess whether spindle impairments are present at illness onset as well as in family members of schizophrenia probands, Manoach et al. compared sleep spindle activity in antipsychotic-naïve individuals newly diagnosed with psychosis, young non-psychotic first-degree relatives of schizophrenia patients, as well as two samples of healthy controls matched to the patients and their relatives [30•] . They found that first-break schizophrenia patients had significantly reduced spindle activity compared to both healthy controls and early course patients with other psychotic disorders. They also established that relatives of schizophrenia probands had reduced spindle activity compared with controls. Furthermore, the authors examined the relations of spindle parameters with cognitive measures and symptom ratings and found that reduced spindle activity correlated with impairment in cognitive executive functions as well as with higher level of positive symptoms in first break patients with schizophrenia [30•] . Whereas more studies on larger groups of patients are needed to establish the extent and consistency of spindle deficits in schizophrenia, these findings from different research groups suggest that spindle abnormalities precede the onset of acute psychotic symptoms, persist throughout the course of the illness, and may account for some of the cognitive deficits and symptoms commonly experienced from schizophrenia patients.
Neuronal and Molecular Mechanisms Underlying Sleep Spindle Deficits in Schizophrenia
Sleep spindles are generated and modulated within the thalamo-cortical system [31] . Specifically, the thalamic reticular nucleus (TRN) is considered the spindle pacemaker, based on the absence of spindles in the thalamo-cortical systems after disconnection from the TRN as well as the presence of spindle rhythmicity in the isolated reticular neurons, whereas cortical inputs are thought to contribute to initiate and amplify sleep spindle oscillations [32] . All recent studies reporting spindle activity impairments in schizophrenia found that the incidence was the most defective spindle parameter in schizophrenia patients. Spindle incidence also correlated with the clinical symptoms and impaired cognitive performances in those patients. Moreover, one of these studies established that schizophrenia patients had no deficits in cortically generated slow waves compared to healthy controls, thus suggesting that dysfunction in a TRN/thalamus circuit may be primarily responsible for sleep spindle deficits in schizophrenia [26•] . The TRN has also been implicated in blocking, or selectively enhancing, the transmission of peripheral stimuli to the cortex through sensory gating and attentional modulation, respectively. Intracranial recordings in primates have shown that the regulation of visual attention involves higher activity in the lateral geniculate nucleus (LGN) and reduced firing of TRN [33] , whereas pharmacologically induced decrease in TRN firings resulted in auditory gating deficits [34] . Of note, sensory gating and attention deficits have been reported in several groups of schizophrenia patients [35] , and are considered part of the core feature of this disorder. In addition to the TRN, recent evidence suggests that the mediodorsal (MD) nucleus may also be implicated in sleep spindle deficits. The MD is a higher order (HO) nucleus, which receives driver inputs from cortical layer V neurons, whereas first-order (FO) thalamic relays, such as the lateral geniculate nuclei (LGN), are projected to primarily from subcortical sources [36] , and in a recent study, we found that the MD nuclei, but not the LGN, were significantly smaller in schizophrenia patients compared to healthy controls [37•] . Additionally, left MD volumes were correlated with left frontal EEG spindles in both healthy and schizophrenic subjects, a finding consistent with electrocorticogram recordings in humans showing an implication of MD and TRN in sleep spindles occurring in the prefrontal cortex [38] . Abnormalities in cortico-thalamic projections could also play a role in sleep spindle deficits in schizophrenia. Converging evidence from neuroimaging [39] , electrophysiological [40] , as well as postmortem [41] studies have revealed cortico-thalamic connectivity deficits in patients with schizophrenia. Furthermore, cortical neurons have been shown to contribute to the initiation and termination of spindle activity. A recent study combining local field potential in the medial prefrontal cortex and single-unit recordings in the TRN in freely behaving rats identified "early" cortical cells that fired in synchrony with TRN spikes as well as Blate^neurons that fired in antiphase to reticular thalamic neurons. In interpreting these findings, the authors suggested that early cortical cells contribute to initiate spindle activity in the cortex, whereas late neurons contribute to the termination of the spindle oscillation [42] . Altogether, these findings support the presence of TRN-MD thalamus-prefrontal circuit deficits in schizophrenia.
The molecular mechanisms underlying sleep spindle impairments in schizophrenia have yet to be elucidated. However, abnormalities in Ca+channel activity are likely to play a significant role. Electrophysiological recordings in primates have shown that MD nucleus has higher burst firing compared to the LGN [43] , and this burst propensity is due to a greater expression of voltage-dependent, transient (T-type) calcium channels [44] . TRN neurons also have high intracellular Ca2+ to sustain the rhythmic bursting necessary for spindle generation, which involves low-voltage T-type Ca2+ channels [45•] . During NREM sleep, a progressive hyperpolarization of TRN neurons favors the activation of T channels that elicit rapid, transient bursts of action potentials [46] . Reticular thalamic neurons express two T channel subtypes encoded by the CaV3.2 (CACNA1h) and the CaV3.3 CACNA1i) genes [47] , and genetic deletion of CaV3.3 channels markedly reduces T currents, thus preventing the low-threshold bursting necessary to sustain spindle oscillations [48•] . Intriguingly CACNA1I, a gene encoding a T-type calcium channel, CaV3.3, has been recently shown to be strongly associated to schizophrenia by two large genetic studies [49, 50•] , and another study has demonstrated that the CaV3.3 calcium channel, which is highly expressed in the TRN, is the major sleep spindle pacemaker in the thalamus [48•] .
Another potential molecular mechanism underlying spindle deficits involves abnormalities in GABA-ergic neurotransmission. Electrophysiological recordings in rodents have recently shown that, during development, GABA currents depolarize TRN neurons and regulate the bursting activity observed during sleep spindles [51] . TRN GABA release plays also a critical role in regulating auditory sensory gating [34] , which has been consistently found to be defective in schizophrenia [52] . Moreover, postmortem studies have reported a reduction in glutamate decarboxylase 67, an enzyme involved in GABA synthesis, and in GABA membrane transporter density in cortical interneurons in schizophrenia patients [53] . Treatment studies have shown that clozapine, the most effective antipsychotic currently available in schizophrenia, is associated with enhanced thalamocortical GABA activity, whereas the beneficial effects of electro-convulsive therapy (ECT) and transcranial magnetic stimulation (TMS) appears to be related to an increased GABA neurotransmission on excitatory cortical neurons [54] .
One additional molecular mechanism which could be implicated in sleep spindle deficits is a reduced N-methyl-D-aspartate (NMDA) glutamate receptor activity in the thalamocortical system. Beside the TRN, which consists entirely of GABA-ergic inhibitory neurons, most neurons in the thalamus and in the cortex are glutamatergic and converging evidence indicates a reduced binding or expression of thalamo-cortical NMDA receptors in schizophrenia. Postmortem studies found reduced NMDA receptors in both the MD thalamus and the prefrontal cortex of schizophrenia patients [55] . Pharmacological manipulations with NMDA antagonists, such as ketamine and phencyclidine (PCP), induces schizophrenia-like psychosis in healthy individuals, and animal studies have shown that asenapine and clozapine, two second-generation antipsychotics, could revert a PCP-induced hypoactivity of NMDA receptors in both MD thalamus [56] and prefrontal cortex [57] . Injections of NMDA antagonists in the TRN rat brain trigger delta-range rhythmic bursting, thus suggesting that NMDA hypofunction underlie TRN-generated delta band EEG oscillations, a waking thalamo-cortical dysrhythmia established in schizophrenia [58] . Furthermore, 2-deoxyglucose imaging data in mice characterizing the acute effects of ketamine on brain functional connectivity found ketamine-induced impairments in a circuitry involving TRN, MD thalamus, and prefrontal cortex [59] .
Conclusions
Over the past several years, there has been a renewed interest in investigating psychiatric disorders, and especially schizophrenia, during sleep [60] . Sleep represents the ultimate resting state, and sleep specific brain rhythms reflect the activity of complementary circuits within the thalamo-cortical system. Furthermore, the recent availability of high density EEG systems has made it possible to combine the exquisite temporal resolution provided by traditional electroencephalographic recordings with good spatial characterization of neuronal oscillations [61] . Capitalizing on this approach, several recent studies have reported marked deficits in several sleep spindles parameters in patients with schizophrenia compared to both healthy subjects and other psychiatric patients. These deficits were correlated with some of the symptoms commonly experienced in patients with schizophrenia and seemed to point to a dysfunction in a TRN-MD thalamus-prefrontal cortex circuit [25•, 26•, 37•,] . Additionally, spindle impairments were recently established in early course schizophrenia patients as well as first-degree relatives of schizophrenia probands, and spindle measures correlated with impaired executive functions, positive symptoms, and IQ estimates [30•] .
Future work is needed to fully establish the extent of sleep spindle deficits in schizophrenia, including multi-site studies in large group of patients. One important aspect to clarify will be the specificity of spindle abnormalities as a sleep finding in patients with schizophrenia. In a recent study, we found no difference in several parameters, including incidence, negative peak amplitude, down-slopes, as well as up-slopes of sleep slow waves in patients with schizophrenia compared to healthy and psychiatric controls. Nonetheless, source modeling analysis of slow wave activity could reveal local deficits in cortical areas (i.e., dorsolateral prefrontal cortex), which have consistently found to be impaired in patients with schizophrenia. Furthermore, given the increasing evidence of the role of slow wave activity (SWA) in memory consolidation and learning in healthy humans [62, 63] , future studies should investigate whether an abnormal modulation in SWA, especially following cognitive tasks that show a performance improvement after sleep, may predict some of the cognitive deficits commonly observed in patients with schizophrenia, and may help reveal the neuronal circuits underlying these impaired performances. It will also be critical to assess whether abnormalities in spindle activity can be observed during the prodromal phase in individuals at high risk of conversion to psychosis, and whether these abnormalities can predict illness onset. Finally, the effects of pharmacological as well as nonpharmacological interventions on sleep spindle deficits and their impact on the course of illness should be investigated in patients with schizophrenia. For example, in a pharmacological study, it was found that eszopiclone, an hypnotic medication that activates GABAergic neurons, significantly increased sleep spindles in patients with schizophrenia, and the spindle increase correlated with improvements in an overnight motor sequence task when placebo and eszopiclone groups were combined for analysis [12•] . Additionally, by employing TMS during NREM sleep, it was recently demonstrated that both slow waves and sleep spindles can be evoked in healthy subjects [64] , whereas it has been suggested that sleep spindles can be induced by transcranial electrical stimulation (TES) during sleep in schizophrenia patients, which should help supplement their low spindle incidence [65] .
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